I. INTRODUCTION
The formation of colloidal gels is a ubiquitous process in nature, 1,2 the control of which is crucial to a diverse range of technologies, including those related to the ceramics, food processing, and pharmaceuticals industries. The phase behavior and rheological properties of colloidal suspensions further make them a fertile ground for investigating fundamental issues in soft materials. In particular, as colloidal suspensions are among the simplest and most accessible systems for the study of ergodic to non-ergodic transformations, they have served as important models for addressing theoretical questions regarding glass and gel transitions. Mixing different colloidal species greatly expands the possible structure-property relationships realized by colloidal suspensions. From paints and advanced ceramics [3] [4] [5] to the protein combinations that ensure clarity of the human eye lens, 6 mixtures provide essential control of the microstructure and rheology of suspensions. Recent work on gel formation focusing on mixtures with different inter-species interactions has observed interesting contrasts with the properties of the gels formed by single-species suspensions. [7] [8] [9] Another avenue for creating mixtures is by varying the size distribution of colloids, such as by introducing a binary mixture of sizes. However, research investigating the role of such size distributions as a parameter in gel formation has been limited. [10] [11] [12] Most attention on polydisperse colloidal suspensions has focused on binary mixtures in which the intrinsic colloidal interactions are essentially hard-sphere-like. In this case, entropically driven depletion effects that create short-range attraction between the larger colloids represent the dominant interaction. The implications of this attraction have been studied in detail in theory, simulation, and experiment. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] For example, when the size ratio of the colloids, κ = R L /R S , where R L and R S are the radii of the larger and smaller particles, respectively, is sufficiently large, κ ≥ 5, these entropic effects 14 make suspensions unstable with a number of possible consequences, including spinodal decomposition and the formation of coexisting fluid phases, 16, 18, 20 crystallization of the larger colloids, 13, 15, 16, 22 and gel formation by the larger colloids due to arrested phase separation. 1, 21, 23, 24 To the extent that intrinsic interactions between the colloids (e.g., residual screened Coulombic repulsion, van der Waals attraction, or chemically specific surface interactions) in such binary mixtures have been considered, they have typically been treated as perturbations that modify the depletion-dominated phase behavior. 1, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In this paper, we explore a complementary perspective in which the colloids have a tunable intrinsic short-range attraction that can drive a fluid-gel transition even in monodisperse suspensions and ask how the additional influence of a modest binary size disparity modifies the suspension phase behavior, microstructural dynamics, and rheology. 10, 11 Studying such mixtures with a combination of rheometry, x-ray photon correlation spectroscopy (XPCS), and molecular dynamics simulations, we obtain a picture connecting the microscopic behavior of the suspensions and their macroscopic mechanical response. We unexpectedly find that the gel formation does not follow a simple mixing law but instead is markedly enhanced in the mixtures over that of the corresponding monodisperse suspensions. Notably, the microscopic signature of the gelation is the dynamic arrest of the smaller species, in contrast to the expectations from thermodynamic calculations or depletioninduced gelation considerations. This observation opens a new strategy employing size disparity and colloidal interactions in tandem to control rheology and phase behavior of colloidal suspensions.
II. RESULTS
The experiments employed octadecyl-coated silica nanocolloids in decalin. [37] [38] [39] [40] Decalin is a marginal solvent for the hydrocarbon chains so that at high temperature, the chains form a brush corona on the particle surfaces that leads effectively to a hard repulsion and stabilizes the suspensions. 40 (See Appendix A for details regarding sample preparation and other experimental procedures.) When the temperature is decreased below the theta temperature, T θ ≈ 307 K, the octadecyl chains prefer to interpenetrate, creating a short-range attractive well between the colloids, extending ≈1 nm from the surface, with a depth U(T ) that increases roughly linearly with decreasing temperature, U(T ) = −Ak B (T − T θ ), where A ≈ 30. 38, 41 As a consequence of this attraction, when the suspensions are cooled to a sufficiently low temperature, they undergo a transformation from a fluid state with a viscosity matching that expected for a suspension of hard spheres to a disordered gel state with solid-like mechanical properties. 40 A number of studies have characterized various properties of this transformation in monodisperse suspensions including the phase boundary as a function of colloid volume fraction, the structure of the fluid and gel states, and the linear and nonlinear rheology of the gels. [37] [38] [39] [40] [41] [42] Recent work by our group and others has further investigated the temporal evolution of the rheology and particle-scale dynamics, using a combination of rheometry and XPCS, to identify quantitative relationships between the macroscopic mechanical behavior and microscopic motions in the gels. [43] [44] [45] Here, we use this set of tools in conjunction with simulations to explore gel formation in suspensions of bidisperse mixtures of these colloids. The mixtures contained colloids of radii R L ≈ 16 nm and R S ≈ 8 nm (i.e., κ ≈ 2), with a size polydispersity of approximately 10%. Two series of mixtures were studied. In each series, the sum of the small-colloid volume fraction φ S and large-colloid volume fraction φ L was fixed at φ T = φ S + φ L , and the relative concentration of the smaller colloids was parameterized by c = φ S /φ T . In one series, φ T = 0.45 and in the other, φ T = 0.30.
To characterize the fluid-gel transition in the suspensions, we performed measurements of the complex shear modulus, ramp rate of 0.1 K/min from low temperatures where the suspensions are gels to high temperatures where the short-range attraction vanishes and the suspensions become fluid. In each case, the modulus decreases precipitously and the dissipation factor increases, marking a gel-fluid transition whose position in temperature is insensitive to heating rate over a large range (0.05-1 K/min). We identify the melting point of the gels with the temperature T * at which D = 1. 43 Consistent with previous studies, 37,39 the gel transition in monodisperse suspensions of the smaller colloids, T * (c = 1) ≈ 285.5 K, is slightly higher than that of suspensions of the larger colloids, T * (c = 0) ≈ 284 K. Remarkably, for the symmetric mixtures, c = 0.5, T * does not interpolate between these transition temperatures but is significantly higher, T * (c = 0.5) ≈ 290 K. Figure 1(b) shows results of equivalent measurements at φ T = 0.30, which display the same trend except with T * at all c shifted lower, as expected for suspensions with lower overall concentration. 39 We note that this non-monotonic trend is robust against the precise definition of the gel temperature. For example, rheology studies of the gelation time of octadecyl-silica suspensions following rapid cooling have shown that the time required for gelation appears to diverge continuously for increasingly shallow quenches, and this divergence point has been identified as an alternative definition of the gel temperature. 42 Measurements on the suspensions with φ T = 0.45 indicate that this divergence temperatures at c = 0.5 lies several degrees above the corresponding temperature in the monodisperse suspensions, consistent with the trends in Fig. 2 .
We stress that the modest size asymmetry of the mixtures, κ ≈ 2, is far below that expected to cause phase separation due to depletion effects, and calculations for hard-sphere mixtures at these total concentrations and size ratio indicate well-mixed binary liquids. 46, 47 Consistent with the absence of large-scale phase separation, the samples are visibly homogeneous and optically translucent in both the fluid and gel phases. Figure 2 shows T * for several values of c, illustrating that enhancement of the gel point spans a range of mixing ratios.
In order to gain information regarding the microscopic mechanisms leading to this enhanced gel formation, we conducted x-ray photon correlation spectroscopy (XPCS) experiments on the suspensions. (See Appendix A for details regarding the experimental procedures.) Figure 3 shows the small-angle x-ray scattering (SAXS) intensity I(Q) for the suspension with c = 0.5 and φ T = 0.45 at temperatures above and below T * . The intensity includes two peaks in the measured Q range. Similar features were observed in I(Q) for mixtures with c = 0.5 and φ T = 0.30, as shown in Fig. 4(a) . For comparison, Figs. 5(a) and 5(b) display I(Q) for monodisperse suspensions of large and small colloids (c = 0 and c = 1) above and below T * at φ T = 0.45 and 0.30, respectively. Based on I(Q) for the monodisperse suspensions and the measured form factors of the two colloids, we identify the two peaks in I(Q) of the mixtures with peaks in the interparticle structure factor S(Q) corresponding to near-neighbor correlations. Specifically, the first peak at Q = 0.18 nm 1 results from near-neighbor correlations of the larger colloids, and the second peak at Q = 0.32 nm 1 reflects near-neighbor correlations between the smaller colloids. In principle, one also expects a third peak in S(Q) of the mixtures near Q = 0.25 nm 1 corresponding to the cross term from near-neighbor correlations between a large and a small colloid. Given the miscibility of the two colloidal species when they behave as hard spheres, we believe such a peak should be present in S(Q) of the mixtures, at least at T > T * . However, calculations of the structure factor of hard-sphere mixtures indicate that the third peak corresponding to large-small particle correlations is masked in I(Q) by a minimum in the form factor, 47 which would explain its absence in Figs. 3(a) and 4(a). 48 Nevertheless, comparisons of changes in I(Q) upon gel formation in the mixtures versus monodisperse suspensions reveal differences in the microscopic mechanisms underlying gelation in each case. In particular, as seen in Fig. 5(a) , at φ T = 0.45, the monodisperse suspensions show remarkably little change in I(Q) over the measured Q range as a result of gel formation, consistent with earlier studies. 43, 49, 50 In contrast, the peaks in I(Q) of the mixture at φ T = 0.45 become sharper and the low-Q intensity increases on cooling into the gel phase, indicating an increase in large length-scale heterogeneity and an enhancement of near-neighbor correlations among samesized colloids. Similarly, the peaks become sharper in the mixture with φ T = 0.30 upon gelation, as seen in Fig. 4 (a), although at this lower concentration, both the mixtures and the monodisperse suspensions display increases in the low-Q intensity on cooling into the gel phases. (Indeed, we note that the low-Q scattering becomes particularly pronounced in the small-colloid suspension with R S ≈ 8 nm, as seen in Fig. 5 (b), a feature we speculate results from distinct features of the gel structure due to the larger range of attraction relative to particle radius in this case.) These changes are evidence that the particle attractions trigger micro-phase separation in the mixtures and further that this de-mixing drives the gelation, pre-empting the percolation driven "equilibrium gelation" that has been documented in the monodisperse suspensions. 42, 49 Recent theoretical work on colloid mixtures with a binary size distribution and repulsive interactions, 51 as well as work on mixtures of same-sized colloids that are unstable to demixing due to asymmetric attractive interactions, 9 has revealed similar micro-phase separation. Figure 6 displays the XPCS intensity autocorrelation function g 2 (Q, t) at three wave vectors measured on a mixture with c = 0.5 and φ T = 0.45 in the gel state at T = 288 K (an undercooling of ∆T = T T * ≈ 2 K). Consistent with earlier XPCS studies on monodisperse suspensions, 43, 44 in the gel phase, g 2 (Q, t) has a terminal relaxation that is described by a compressed-exponential line shape,
where b is the Siegert factor, which we determined from a separate measurement on a static silica aerogel sample to vary The solid lines in Fig. 6 are the results of fits to the data using Eq. (1), which gives β ≈ 1.5 and a decay rate Γ that varies with wave vector as Γ ∼ Q. Such compressed-exponential correlation functions ( β > 1) with Γ ∼ Q are signatures of slow, hyperdiffusive motion that has been widely observed with XPCS and dynamic light scattering on colloidal gels and other disordered soft solids and that has been identified with long length-scale strain motion in response to heterogeneous stress relaxation. [52] [53] [54] [55] In particular, these dynamics are not thought to be related to local, diffusive structural relaxation of the particles. Due to the sensitivity of the gels to radiation damage, we did not study extensively the behavior of this slow relaxation, which has been investigated in detail elsewhere, 43 but instead focused on characterizing accurately the plateau value of g 2 (Q, t) prior to the terminal decay, quantified in Eq.
(1) by the non-ergodicity parameter f Q , a feature we could measure reliably with x-ray exposures below those that cause measurable damage. Specifically, f Q is a measure of the plateau amplitude of the electric field autocorrelation function, g 1 (Q, t), which is related to g 2 by the Siegert relation, g 2 = 1 + bg 2 1 . The electric field autocorrelation function is in turn equivalent to the coherent intermediate scattering function F c (Q, t), with each particle pair weighted by the product of their x-ray form factors. The fact that the measured amplitudes of the decay of g 2 (Q, t) are less than b implies a partial decay in the correlation function, and hence a degree of colloidal motion, on time scales that are too short to access in the measurement, as illustrated schematically in Fig. 7 . Such multi-step decays are generic for many colloidal gels. In monodisperse concentrated gels, the magnitude of f Q displays peaks in Q that track those in the static structure factor. 24, 43, [56] [57] [58] This correspondence reflects the relationship between the constraints to collective localized motion in the dynamically arrested, nonergodic state and the spatial correlations of the colloids in the gel, and one can further extract a characteristic localization length from the Q-dependence of f Q . 43, 58 Figure 3 . The solid line is a simple exponential decay representing schematically the dynamics at short delay times, smoothly connected with a plateau region followed by the compressed-exponential form that describes the measured terminal relaxation.
Specifically, the non-ergodicity parameter displays a peak coincident with the second peak in I(Q) corresponding to correlations between the smaller colloids but is negligible in the region of the first peak in I(Q) corresponding to correlations between the larger colloids. This finding is true also for φ T = 0.30, as seen in Fig. 4(b) , which displays f Q for c = 0.5 and φ T = 0.30 at ∆T ≈ 2 K. In contrast to the nonergodicity parameter for monodisperse gels, the results in Figs. 3(b) and 4(b) indicate a striking dynamic heterogeneity in the mixtures. Specifically, we hypothesize that they imply that gel formation in the mixtures results from the structural arrest of the smaller particles while the larger particles remain mobile, exactly the opposite scenario from depletion-driven gelation of binary mixtures! To test this hypothesis and to elucidate further the microscopic processes driving dynamic arrest in binary colloidal mixtures with short-range attraction, we conducted molecular dynamics simulations of colloids with total volume fraction φ T = 0.30 evenly divided by volume fraction between spheres with average radii R L = 16σ and R S = 8σ, where σ is a characteristic simulation length scale. Several sets of simulations were performed with varying polydispersities about these averages. The particles experienced pairwise interactions that combined two contributions (see Appendix A for details): (i) a hard repulsive potential that diverged on contact and that decayed steeply with increasing separation in a Yukawa form with energy scale and with decay length ξ = σ/10 and (ii) a tunable short-range attraction modeled as a thin Gaussian well of width σ and depth that increased linearly with the temperature below T θ = /k B . This combination of terms mimics the potential of the octadecyl-silica nanocolloids in the experiment, while providing a smooth analytic form that facilitates the simulations. We found that modifying the precise shape of the potential did not qualitatively change the simulation results. Fig. 8(a) ], F s (Q, t) decays quickly in a manner consistent with liquid-state dynamics. As expected for liquids, F s (Q, t) of the smaller particles decays more rapidly than that of the larger particles due to the smaller particles' greater mobility. Consistent with these dynamics, the microstructure resembles that of homogeneously mixed fluid, as illustrated in Fig. 8(d) , which displays an image showing the instantaneous particle positions at this temperature.
At slightly lower temperatures, however, the microstructure and dynamics change dramatically. The change in dynamics is illustrated in Figs. 8(b) and 8(c) , which show F s (Q, t) at T = 0.65T θ and T = 0.62T θ , respectively. Due to the increasing interparticle attractions, the particle dynamics at these temperatures are slowed considerably. Moreover, the slowing is much more pronounced among the smaller particles. Eventually, these dynamics become too slow to conduct proper averaging on the time scale of the simulations. Thus, the simulations mirror the experiments in that non-ergodicity is driven by dynamic arrest of the smaller particles. The microstructural origin of this arrest is illustrated in Fig. 8(e) , which shows an image of the instantaneous particle positions at T = 0.65T θ . The system has undergone phase separation in which the arrested smaller particles have formed monodisperse, high-density regions that are interspersed among lowerdensity regions populated predominantly by the mobile larger particles.
III. DISCUSSION
These simulation and XPCS results together reveal the microscopic processes leading to gel formation in the binary mixtures of colloids with short-range attraction. Specifically, while the particles of two sizes are miscible when their interactions are hard-sphere-like or only weakly attractive, for stronger attraction, they become immiscible. Hence, as a result of increasing attraction, the smaller particles segregate into dense regions where they undergo dynamical arrest that halts the phase separation. In the simulations, this arrest is accompanied by the formation of local crystalline order, as seen in Fig. 8(e) . In the experiments, no evidence of crystal formation is apparent in I(Q). We believe that this difference between the simulations and experiments in the local order of the small colloids at low temperature is a consequence of the different polydispersity in the small-colloid population in the two cases. Due to the higher polydispersity in the experiments, the locally dense regions of smaller colloids remain amorphous, and we associate their dynamical arrest with formation of a dense gel or attractive glass phase that imparts mechanical rigidity to the system. 24 To understand the mechanisms driving this gel-formation scenario, comparison with gel formation in monodisperse suspensions of colloids with short-range attraction is instructive. In the case of monodisperse suspensions, the introduction of attractive interactions makes the system unstable to liquidgas phase separation (see Appendix B). The ensuing spinodal decomposition is a path to gelation, as the colloids can condense into percolating regions that vitrify, thereby arresting the phase separation. 1 In the case of a mixture, a second instability with respect to compositional demixing is also possible, and indeed the partitioning of the smaller colloids into dense regions indicates that the system is unstable to composition fluctuations, while the samples' optical translucency suggests that any instability does not result in large-scale phase separation.
Demixing as a route to bigel formation has been shown experimentally in binary mixtures of same-sized colloids (κ = 1) in which the inter-species attraction is weaker than the intra-species attraction. 9 These results were further supported by thermodynamic perturbation theory (TPT) calculations of the mixture instability to compositional demixing. 9 Interestingly, we have performed comprehensive TPT calculations (details given in Appendix B) that do not identify compositional demixing as the dominant instability for bidisperse mixtures with a moderate size ratio (κ = 2) and otherwise symmetric interactions. Rather, the spinodal boundary of the binary mixtures in this case corresponds solely to a condensation-type instability at a thermodynamic level. These calculations hence indicate that the mechanisms promoting the demixing seen in the experiments and simulations are not captured by such a mean-field model, likely as a consequence of fluctuations due to subtle entropic packing effects. Specifically, because the range of attraction is the same for the large and small colloids on an absolute scale, the range divided by the particle radius is larger for the smaller particles. We speculate that this difference could lead to more configurations among the smaller particles in which many small particles are in each others' attractive wells that ultimately give an advantage to the de-mixing and dynamic arrest.
IV. CONCLUSION
The unexpected behaviour of weakly attractive binary mixtures presented here illustrates how tuning the miscibility of mixtures through their interparticle interactions can lead to new routes for controlling the rheology and phase behavior of suspensions. The findings suggest several directions to explore this theme further. For instance, while the study here focused on the colloid size ratio κ = 2, an interesting question is how the gel formation behavior evolves as this ratio is varied. Specifically, how do the miscibility of the two sizes and the role of each species in dynamic arrest change on increasing the ratio toward κ ≈ 5, where depletion effects dominate? Also, how does the gel formation process change as the ratio is tuned toward the monodisperse case, κ = 1, where previous work has shown that gelation in these nanocolloidal suspensions with short-range attraction is driven by percolation 42, 49 ? Finally, while the details of the process we have uncovered are particular to the mixtures studied here, this enhancement of the fluid-gel transition temperature resembles findings in other multicomponent fluid systems. For example, binary mixtures of molecular glass formers can display a glass transition temperature T g that is higher than that expected from an ideal mixing law 59, 60 and in some cases is even higher than T g of either pure component. 61 Also, enhanced aggregation upon binary mixing of eye-lens proteins with short-range attraction has been implicated in some forms of cataract. 62 Thus, the phenomena illustrated by these nanocolloidal mixtures potentially serve as a model for understanding fluid-solid transitions in a range of multicomponent disordered materials.
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APPENDIX A: MATERIALS AND METHODS

Sample preparation
Silica nanocolloids with average radii of 8 and 16 nm (with 10% polydispersity), as determined by SAXS on dilute suspensions, were prepared using the Stober method of basecatalyzed hydrolysis and condensation of tetraethyl orthosilicate. 63, 64 The octadecyl surface functionalization followed the method of van Helden, Jansen, and Vrij. 65 Suspensions of each species of colloid were prepared by dispersing a known mass of dried silica powder in decalin by gentle stirring, and these suspensions were then combined at temperatures well above T * to form initially homogeneous binary mixtures with the desired particle concentrations.
XPCS
Experiments were conducted at Sector 8-ID-I of the Advanced Photon Source using 7.35 keV x-rays. Details regarding the beamline and measurement procedures have been presented elsewhere. 66, 67 Samples were contained in sealed stainless-steel holders with sample thickness 0.5 mm and with polyimide windows for transmission scattering. The coherent scattering intensity, recorded by a direct-illuminated CCD area detector, was measured over the range of wavevector magnitudes 0.04 nm 1 < Q < 0.40 nm 1 . Timeresolved series of scattering intensities I(Q, t ) were analyzed to determine the intensity time-autocorrelation function,
where the brackets indicate a time average over time t and an ensemble average over equivalent detector pixels at the same wave-vector magnitude Q to assure proper ensemble averaging for the non-ergodic gels. Exposure times of 0.25 s were employed, and the beam was shuttered between exposures to reduce sample irradiation. The total exposure in any measurement was limited to 12.5 s (i.e., 50 CCD images) to avoid measurable effects of radiation damage on g 2 (Q, t). The resulting range of delay times, limited at short times by the CCD frame rate, was approximately 2.1 s < t < 100 s. As mentioned above, this range was not always adequate to cover the slow terminal relaxation of g 2 (Q, t) in the gel state but was sufficient to determine accurately the plateau value and hence the non-ergodicity parameter f Q .
Rheometry
Measurements of the frequency-dependent complex shear modulus were performed using a stress-controlled rheometer (Anton-Paar MCR 300) in a cone-plate geometry with a frequency of ω = 1 s 1 and a strain amplitude, γ = 0.3%, that was well within the linear viscoelastic regime. The rheometer was equipped with a Peltier device for temperature control, which was calibrated against the thermometry employed in the XPCS experiments. The cup-shaped bottom plate was fashioned with a reservoir containing a 50% ethylene glycol/water solution around the tool to prevent the evaporation of the decalin, making the samples stable in the rheometer for several days.
Molecular dynamics simulations
Simulations were conducted using the HOOMD-Blue package. 68, 69 The simulation system was composed of approximately 4000 small particles (R S = 8σ) and 500 large particles (R L = 16σ), where σ is a characteristic simulation length scale, maintained at volume fraction φ = 0.3 in a cubic simulation box with periodic boundary conditions. Simulations were performed for several values of particle size polydispersities. As the particles were of the same material, their characteristic masses were M S = m and M L = 8m. The interparticle potential was the sum of a repulsive Yukawa potential U rep and an attractive Gaussian well U att of the form
where = k B T θ is the characteristic energy scale, U 0 (T ) = 10(k B T − ) is the temperature-dependent strength of the attractive Gaussian potential, ξ = σ/10 is the range of the Yukawa potential, ∆ ij = R i + R j is the contact separation of a given pair of particles (with i, j ∈ {S, L}), and r cut = 3.5σ is the cutoff for both the Yukawa and the Gaussian potentials. Thus, the corresponding characteristic simulation time scale was τ = mσ 2 / . Particle trajectories were calculated by integrating the equations of motion using a time step of ∆t = 0.005τ. The simulations proceeded by cooling slowly from a high initial temperature, T = 0.8T θ , where the particles remained well mixed and freely diffusing, stopping in increments of ∆T = 0.03T θ to explore the dynamics. During the temperature ramps between set points, which lasted 1 × 10 5 steps, the system evolved in the canonical (NVT) ensemble using a Nosé-Hoover thermostat to couple the system to a heat bath. After reaching each target temperature, further 1 × 10 5 integration steps in the NVT ensemble were performed, after which the system evolved in the microcanonical (NVE) ensemble for 2 × 10 7 steps during which data were acquired. Eventually, at some temperature, the structural dynamics became extremely slow so that equilibration on these time scales was impossible, and the system became effectively nonergodic. The self-part of the Van Hove correlation function G s (r, t) was calculated for the small and large particle populations from the distribution of mean-square particle displacements at various time intervals t. The normalized, selfpart of intermediate scattering function F s (Q, t) for the small and large particles was then obtained via the spatial Fourier transform of these correlation functions.
APPENDIX B: THERMODYNAMIC PERTURBATION THEORY
Here we employ perturbation theory 70 to calculate thermodynamic predictions for the stability of the binary octadecyl-coated nanocolloidal mixture. In particular, we are interested in determining whether thermodynamic perturbation theory (TPT) predicts an instability that is dominated by density or composition fluctuations, i.e., a principally condensation-or demixing-type instability. The nature of the instability can be ascertained from the eigenvalues of the stability matrix
where
, etc., are the second derivatives of the reduced Helmholtz free energy f with respect to the overall specific volume ν = 1/ρ = V/(N S +N L ) and composition as measured by the molar fraction of small colloids
Thermodynamic stability is bound by the spinodal surface, as given by det [F] = 0, and the relative significance of composition and density fluctuations is measured by the angle
where λ is the smallest eigenvalue of the stability matrix. 9, 71 A predominantly demixing-type instability is indicated by α → 0, while α → ±π/2 suggests a condensation-type instability. The free energy is found by assuming that the silica nanocolloids are well approximated as hard, spherically symmetric spheres and modeling the attractive octadecyl surface layers as short-ranged, pairwise potentials. The mixture's free energy f = f 0 + f P is then calculated as a perturbation f P about the known binary hard-sphere mixture f 0 .
Colloidal hard-sphere reference
The reference free energy f 0 is the sum of the ideal free energy f id , which can be computed directly from the ideal partition function for a multi-component gas, and the hardsphere free energy f HS . A mixture of hard spheres obeys the Boublík-Mansoori-Carnahan-Starling-Leland equation of state and has a well-known analytical form for the hard-sphere free energy. [72] [73] [74] 
Attractive perturbation
The hard-sphere repulsive potential is perturbed by an attractive short-ranged potential U P ij (r) between pairs of colloids i, j ∈ {S, L}. In the molecular dynamics simulations, the attraction is modeled as a spherically symmetric Gaussian well. In the TPT calculations, we use the even simpler pairwise square-well,
with i, j ∈ {S, L} for interaction ranges λ ij , effective diameters σ ij = R i + R j , and well depths u ij . In the molecular dynamics simulations presented above, the well depth varied linearly with the temperature in an identical manner for both large and small colloids. Here, we use a generalized linear form: u ij (T ) = ω ij (u − vk B T ), in which defines the characteristic energy scale of the attractive well, ω ij controls the strength of pairwise interactions between different species, and the dimensionless numbers u and v set the relative importance of the attractive and thermal energies. In the TPT calculations, thermal energy is given in units of . Likewise, we choose the radius of the larger colloids R L = 2R S = 16 nm as the characteristic length scale, and introduce the nondimensional length
The first-order term in the expansion of the free energy is the sum over all pairs of convolutions of the perturbation potentials U P ij and unperturbed partial radial distribution functions g 0 ij of the reference hard-sphere mixture,
The unperturbed partial radial distribution functions g 0 ij for binary hard-spheres are found through the Percus-Yevick approximation for the Ornstein-Zernike equation, which produces analytical forms in reciprocal space of the total correlation functions. These depend on the direct correlation functions, 75 which are known for binary mixtures of hard spheres. 47, 76 Strong oscillations in the inverse Fourier transform of the total correlation functions can arise due to the hard-sphere discontinuities. To remedy such oscillations, the discontinuity is removed by subtracting the contact value everywhere beyond the contact point in real space, after adding its Fourier transform to the reciprocal space function prior to the inverse transformation. 75 Additionally, the Grundke-Henderson correction is applied to the PercusYevick approximations for g 0 ij , since their values and slopes are otherwise under-predicted at the contact point. [77] [78] [79] 
TPT results
In the bidisperse mixture of octadecyl-coated silica colloids, we experimentally observe that the colloidal gels form at higher temperatures than either pure suspensions and that the smaller colloids demix, undergoing dynamic arrest while the larger particles remain mobile. To give context for this behaviour, we present TPT predictions for four cases of binary mixtures. The first three cases (1-3) are binary mixtures of monodisperse suspensions, in which intra-and inter-species interactions are asymmetric. TPT calculations of these three cases show that a region exists on the spinodal surface for which composition fluctuations are dominant, indicating that the suspensions are unstable to demixing. In fact, case 1 essentially reproduced the results of Varrato et al. 9 However, in the fourth case, we consider a bidisperse mixture with otherwise symmetric interactions that corresponds to our experimental system, for which we find that TPT does not predict the demixing instability that occurs experimentally. The details for these four cases are as follows:
1. A monodisperse suspension, in which the attractive potentials are independent of temperature and the interspecies well depth is reduced compared to the intraspecies depth. For all pairs, the effective diameter is σ ij = 2 (corresponding to 16 nm radius particles in contact) and the interaction range,λ ij = 1/16, is set by a species-independent thickness of the octadecyl chain coatings, λ ij = 1 nm. For this example, the intra-species attraction is ω ii = 1, while the inter-species attraction is halved to ω i j = 1/2. The attraction is made independent of temperature by setting u = 1 and v = 0. Figure 9 (a) shows that a portion of the spinodal surface, T * (c, φ T ), can exhibit demixing-type instabilities with α ≈ 0. Interestingly, as was experimentally observed for our octadecyl-coated nanocolloids and for the DNAcoated colloids of Varrato et al. 9 we find that at sufficiently high volume fractions, an initially homogeneous symmetric mixture of c ≈ 0.5 is most unstable toward demixing.
A monodisperse suspension, in which the interspecies
well depth is reduced compared to the intra-species depth with linear temperature dependence. This is the same as case 1, except possessing a linear temperature dependence to account for the roughly linear increase in attraction with decreasing temperature. To match molecular dynamics simulations, we set u = v = 10. Increasing v from zero causes the spinodal curves to rise more quickly at small φ T and then more slowly at large φ T , as shown in Fig. 9(b) . Additionally, the temperature dependence diminishes the spinodal maximum of the symmetric mixture (c ≈ 0.5) with respect to the pure suspensions but does not erase it completely. 3. A monodisperse suspension, in which the interspecies interaction range is reduced compared to the intraspecies range with a linear temperature dependence. For all pairs, the effective diameter isσ ij = 2 and the well depth is ω ij = 1, while the range isλ ii = 1/16 for intra-species attraction but onlyλ i j = 1/32 for interspecies attraction. Temperature dependence is linear with u = v = 10. Just as in the previous case 2, demixing-type instabilities are possible in this case. Figure 9 (c) shows that a portion of the spinodal surface can exhibit demixingtype instabilities with α ≈ 0 around a symmetric composition at sufficiently high volume fractions. As in case 2, the interactions favour intra-species over crossspecies attraction, which increases the significance of composition fluctuations relative to density fluctuations on the stability. 4. A bidisperse suspension with otherwise symmetric interactions and linear temperature dependence. These TPT calculations correspond most closely to the experimental system discussed in the main text. In contrast to the monodisperse examples, the mixture is binary but the interactions remain symmetric. Thus, both large (R L = 1) and small (R S = 1/2) colloids have equal well depths ω ij = 1, equal interaction rangesλ ij = 1/16 for all pairs (∀i, j) and linear temperature dependence with u = v = 10. In this case, the instability boundary, shown in Fig. 9(d) , is markedly different than cases 1 through 3. There is no region of the spinodal surface that is primarily controlled by demixing-type instabilities. Instead, density fluctuations dominate everywhere on the surface. From a thermodynamic perspective, this is sensible since the interactions are symmetric and there is nothing to favour intra-species over inter-species interactions. Likewise, even in the absence of temperature dependence (results not shown), TPT does not predict a region dominated by demixing-type instabilities on the spinodal surface. These TPT predictions stand in stark contrast to the experimental and computational results presented in the main text, which are more indicative of microphase demixing than a condensation-type instability, suggesting a more complicated transition involving fluctuations in particle packing that cannot be incorporated in the TPT approach.
